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Refractometric optical sensor based on tapered photonic

crystal waveguide
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We report on the design of a refractometric optical sensor based on a tapered photonic crystal waveguide of air-holes with
complete transverse-electric (TE) photonic band-gap (PBG). The plane-wave expansion (PWE) and finite-difference time-
domain (FDTD) methods were employed in order to design the device and investigate its transmission spectra and
sensitivity characteristics. The shift in the mode-cutoff wavelength due to change in the refractive index of fluids infiltrated
the air-holes, is found to be approximately linear and hence extremely suitable for sensing applications. The use of a
tapered photonic crystal reduces the coupling losses between the ridge-access waveguides and the photonic crystal so that
a wide range of wavelengths before cutoff, are transmitted through the structure with only a very limited loss. Since it is
silicon-based, the sensor can be easily implemented to design ultracompact all optical integrated circuits.
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1. Introduction

Integrated optical sensors has a high potential to be
employed as a device in many areas such as microbiology,
automotive, environmental safety, defence and aerospace
technology. Their main advantages are immunity to
electromagnetic interference, high compactness and
robustness and prospects of mass production, and also they
have fast responsivity and higher sensitivities when
compared to Micro-Electro-Mechanical Systems (MEMS)
[1]. In the last years, there has been a growing effort in the
realization of active and passive photonic crystal
waveguides (PCWs) as ultra-compact optical components
and circuits, which can be integrated monolithically on a
single chip [2,3]. PCWs have been studied extensively for
several applications, including optical waveguides [4,5],
wavelength division multiplexing and demultiplexing
devices [6,7], modulators and switches [8,9], as well as
sensors [10-12]. Photonic crystals (PC) are artificial
optical materials with a periodic modulation of the
refractive index. Depending on the exact periodic
modulation, PCs may posses a photonic bandgap, i.e. a
range of frequencies where light propagation is prohibited.
[4]. The advantage of PC structures inside the wider
family of periodic photonic structures, lies in the high
contrast of the periodic modulation of the refractive index.
Using PC technology, strong light confinement in compact
structures can be designed in such a way that can allow for
innovative methods to manipulate the guided light.

Recently, a wide range of photonic crystal (PC)

sensing devices has been presented in the literature [13-16].

Planar PCWs in which the light is guided along defects,
such as missing rows of holes can be designed to obtain a
very high and spatially selective sensitivity to changes in
refractive index. In particular, PCWs are based on vertical

light confinement using index guiding and confinement in
the horizontal plane provided by the PC properties. The
horizontal periodic structure is commonly manufactured
by etching a triangular array of air holes, which provides a
large photonic bandgap (PBG) for TE-polarized light.
Removing one row of holes in a PC lattice creates a defect
waveguide [4], which has the advantage of providing
single-mode transverse waveguiding over a wide
frequency range. Such PCWs are very interesting for
optofluidic sensors since they have a large sensing range
making it applicable within a broad dynamic change of
refractive index extending from air to high viscous fluids.
In this paper we present the design and simulation of a
refractometric sensor based on a tapered photonic crystal
waveguide. The use of a tapered PCW [17] is beneficial
for efficient coupling between the input/output ridge
waveguide to the photonic crystal waveguide. The PBG
computations have been done using the plane-wave
expansion method (PWE). The transmission spectra of the
PC sensor has been obtained with the help of finite-
difference time-domain (FDTD) method, changing the
refractive index of the fluid infiltrated in the holes of the
PCW. Finally, we determine the sensitivity of our device
by observing the shift in the mode-cutoff wavelength as a
function of the change in refractive index of the fluid.

2. Device design and numerical method

Let us first consider a 2D triangular PC with air-holes
drilled on a high index dielectric substrate. The lattice
constant and the radius of air holes are represented by o
and r, respectively. The dielectric material is assumed to
be Si with a refractive index of 3.47 at the modern
telecommunication wavelength of 1.55 pm which is



Refractometric optical sensor based on tapered photonic crystal waveguide 1531

compatible with conventional CMOS technology. We
consider only TE modes since the band diagram
calculation shows a large complete PBG [1]. To extract the
photonic band structure, we use the 2D plane wave
expansion (PWE) method with Bloch boundary conditions
in which (2x13+1)*=729 plane waves have been used. As
it is seen from the obtained photonic bandgap map of Fig.1,
in order to have the largest band gap, the best choice is /o
= 0.43. However, considering manufacturing problems and
vertical loss in PC slabs, the radius of air holes should be
smaller. The hole radius of #/a = 0.32 is widely used in the
literature and will be used throughout this paper. Therefore,
a lattice pitch 0=387.5 nm and a hole radius /=124 nm, is
obtained. The corresponding photonic and dispersion
diagram is given in Fig. 2 where the existence of a
complete TE-mode photonic gap is indicated by the
shaded region.
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Fig. 1. The band gap map of triangular Si-PC of air holes.
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Fig. 2. TE band diagram of the triangular PCW of air
holes with radius r=0.32a drilled in a high refractive
index silicon with lattice constant a = 387.5 nm. The
existence of PBG is indicated by the shaded region.

The PC waveguide is obtained by removing a single
row of holes in the I'-K direction of the PC and is 30a long
with 16 rows of holes on each side of the line defect as it is
shown in Fig. 3. In order to reduce the coupling losses
between the ridge-access guides and the PC, a tapering
technique is applied where the hole-radius, for the six last
holes on each side of the line defect, is progressively
reduced from 0.3a to 0.05a. The proposed design gives
rise to a large band gap for transverse-electric (TE)
polarized light, with the fundamental PBG mode cutting
off around 1.55 pm as is shown in Fig. 3. A very small
excitation of TM-like modes may occur in the PCW due to
the incoupling scheme, however these modes are not
guided well near the edge of the TE-like band gap, so the
potential crosstalk is very small [18].

Fig. 3. Schematic diagram of the tapered PCW of air holes.

In order to investigate the proposed refractometric
PC-sensor, we employed the well known 2D-FDTD
method [19] based on the Yee’s algorithm [20]. The
electric and magnetic field components are evaluated at
different grids having the same pitch but shifted over a
half grid spacing, both in time (leapfrog algorithm in time)
and space (staggered grid). Maxwell’s equations in FDTD
form for the TE-polarization are written as follows
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where (i) is the permittivity, u(i;) is the permeability at
each grid point (ij). Here, we have considered the
transverse electric (TE) mode polarization electric fields in
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the plane and is normal to the axis of the air-holes. The
spectrum of the power transmission is calculated in our
code using 50,000 time steps and spatial step in both
directions are fixed to Ax= Ay =0.05 The relation between
spatial and temporal steps satisfies the Courant’s stability

condition At= 0.95Ax/(\/§ ¢), where c is the speed of light
in a vacuum [21]. The tapered PCW is connected
efficiently to an input slab waveguide. A Gaussian source
with central frequency and width matching that of the
photonic band-gap is positioned in the middle of the input
slab. As absorbing boundaries, we used the perfect
matched layer (PML) widely adopted by many researchers
[22]. The transmission is computed as the ratio of output
and input powers obtained by integration of the Poynting
vector fluxes at the detectors. To reduce computational
effort, the effective index approximation [23] for the
vertical direction is applied. For a suitable choice of
effective refractive index, 2D simulations give the same
quantitative characteristics as 3D simulations [24].

3. Results and discussion

To study the designed structure for sensing
applications, the transmission spectra is calculated by
means of the FDTD code. Fig. 4 shows the normalized
transmission spectrum of the sensor when the lattice holes
are filled with fluids of increasing refractive index. As it is
seen, a wide range of wavelengths are transmitted through
the structure with only a very limited loss. Peaks in the
transmissions arise from the Fabry-Perot oscillations from
the two boundaries. The interesting property is the sudden
drop in transmission at the band edge around 1.55 um
where the transmission of the fundamental PBG-mode is
no longer possible. This sharp drop in transmission (mode
cutoff) indicates that the designed structure has potential
applications in the sensing area.
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Fig. 4. Transmission spectra of the PC air-holes
waveguide the air holes are filled by fluids with
increasing refractive indices.

Fig. 5 shows the change in the transmission spectra
when the air-holes are filled by fluids with refractive index
of n=1.0, 1.1, 1.2, 1.3, 1.33 (de-ionized water), 1.38
(butane gas), 1.4, 1.48, 1.5 and 1.52 (immersion oils). A

strong dependence of the mode-cutoff on the refractive
index of the fluid is observed. It is worth noting that in all
cases the maximum light transmission is about 0.77 at
‘peak wavelength’ that shifts to smaller wavelengths as the
refractive index of the fluid increases.

Fig. 6 presents the cutoff wavelength shift (AL.) as a
function of the change in fluid refractive index infiltrated
in the PCW-holes, where the reference wavelength is the
cutoff wavelength for air. From the graph it is obvious that
the cutoff wavelength shift is about 4.5 nm for change in
refractive index on =0.1. Furthermore, the shift in the
wavelength due to change in the refractive index of
infiltrated fluid is found to be approximately linear and
hence extremely suitable for sensing applications. It
should be noted that, in order to obtain the curve in Fig. 5,
the change in cutoff wavelength has been read out at a
normalized transmission of 0.03.
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Fig. 5. Transmission spectra for different fluids in the
wavelength range of interes in order to calculate the
sensitivity curve of the refractometric sensor.
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Fig. 6. Characteristic curve showing the simulated
changes in cutoff wavelength versus changes in
refractive index of fluid infiltrated the PCW holes.
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4. Conclusion and future work

To conclude, we have designed and theoretically
investigated a refractometric optical sensor based on
tapered air-hole photonic crystal waveguides with
complete transverse electric photonic band-gap. The use of
tapered photonic crystal reduces the coupling losses
between the ridge-access guides and the PC and a wide
range of wavelengths before cutoff, are transmitted
through the structure with only a very limited loss. The
PWE method and FDTD simulation were employed in
order to design the device and investigate its transmission
spectra and sensitivity characteristics. For the working
wavelength 1.55 um, the transmission spectra has been
calculated by changing the refractive index of the fluid in
the air-holes and it has been found that a sudden drop in
transmission occurs at the band edge around 1.55 pm
where the transmission of the fundamental PBG-mode is
no longer possible.

The wavelength position of this band edge (cutoff
wavelength) is shifted to smaller wavelengths with
increasing the refractive index. The shift in the cutoff
wavelength due to change in the refractive index of
infiltrated fluids is found to be approximately linear and
hence extremely suitable for sensing applications. It
should noticed that, for a 2D photonic crystal waveguide,
the electromagnetic field attenuates due to out-of-plane
loss, but the shift of the wavelength mode-band edge tuned
by the fluids is unaffected by the out-of-plane radiation.
The simulation results show that the designed sensor is
very sensitive to liquids or gases with small refractive
index differences such as dry air, de-ionized water, butane
gas, and immersion oils. Its sensitivity is mainly attributed
to the strong dispersion of the PC mode. Since it is silicon-
based, the designed sensor can be easily implemented to
design ultra-compact all optical integrated circuits.

It should be possible to improve the refractive index
response of the tapered-PC sensor by placing it in the
sensing arm of a Mach-Zehnder interferometer (MZI) and
exploiting the ‘slow light’ dispersion effect [25]. As is
well known, the output signal becomes dependent on the
cumulative phase difference between the two arms of MZI
[26]. Near cut-off, the group velocity of the PCW-mode
decreases dramatically, falling to zero at the mode cut-off.
This wave compression can be utilized to design a
compact device in which the required interaction length to
produce a fixed phase shift is reduced by a factor c/v, [8].
Integrated silicon photonic crystal modulators with
reduced interaction length have already been proposed

8,9].
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